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Abs t rac t  

The Marius  Hills region, a volcanic plateau in Oceanus P roce l l a rum,  

contains numerous  r i l l e s ,  r i l le- l ike  s t ruc tu r e s ,  and chains  of elongate 

c r a t e r s .  Most  of these  s t r u c t u r e s  charac te r i s t i ca l ly :  1 )  or iginate  on o r  

n e a r  i r r e g u l a r  shaped c r a t e r s  assoc ia ted  with fea tures  previously in ter-  

pre ted a s  volcanic domes ,  2 )  t rend downslope onto P la teau  P la ins ,  3 )  gen- 

e r a l l y  t ape r  in width and become shal lower ,  4) a r e  often discontinuous, 

5)  occupy the  cen te r ,  o r  apparent  c r e s t  of a broad ridge,  6 )  may  contain 

cut-off branches  and d i s t r ibu ta ry  s t ruc tu r e s ,  and 7 )  may  have local  r eve r -  

s a l s  in longitudinal slope. S t ruc tu r e s  having these  cha rac t e r i s t i c s  a r e  in- 

t e rp r e t ed  to be lava channels o r  par t ly  collapsed lava tubes. T e r r e s t r i a l  

l ava  tubes f o r m  exclusively, and commonly,  in fluid basal t  flows. Recent 

evidence indicates that  v i scos i t i es  of lunar  m a r e  "basalt"  lava flows w e r e  

conducive fo r  lava tube formation.  

T e r r e s t r i a l  analogs a r e  offered fo r  s t r uc tu r e s  descr ibed in the  Marius  

Hil ls .  The  analogs a r e  comparab le  in  quali tat ive and quanti tat ive geomor-  

phic aspec t s ,  excluding that  of width. Scaling considerat ion of lunar  reduced 

gravi ty  accounts fo r  increased width of the lunar  s t ruc tures .  L inea r  and 

curv i l inear  r i l l e s  trending along equal elevations a r e  in terpreted to resu l t  

f rom f r a c t u r i n g  o r  faulting, 



INTRODUCTION 

This paper presents  quantitative and qualitative geomorphic evidence  

for the existence of lava channels and part ly  collapsed lava tubes in the 

Lunar Marius Hills region. Analogs a r e  offered a s  t e r r e s t r i a l  counter- 

pa r t s  to the lunar s t ructures  described. 

Marius Hills i s  one of seve ra l  lunar  a r e a s  of inferred igneous and 

volcanic activity. McCauley (1965 ) described the a r e a  a s  a southward- 

dipping volcanic plateau comprising about 35, 000 kmZ in the middle of 

Oceanus Proce l la rum (f igures  1 and 2 ). McCauley la te r  (1967 ) proposed 

the Marius  Group a s  new rock unit and assigned it to the Eratosthenian 

System. He described the a r e a  a s  a smooth undulating region of low, 

uniform albedo with prominent ridges, scarps ,  and local plateaus. Two 

types of domes (the Marius "hills") w e r e  described (Figure 2) : low domes 

with convex profiles and gentle slopes (2-3 degrees ), and steep domes 

with s teep  concave slopes (6-7 degrees ). Steep domes a r e  often situated 

on low domes and both types may be elongate in a NNE-SSW orientation 

and have sma l l  summit pits. McCauley attributed the difference between 

the two dome types a s  possibly resulting f r o m  magmatic differentiation, 

with low domes a s  mafic and s teep domes a s  intermediate to felsic. He 

a lso  considered the possibility that they resulted f r o m  different eruptive 

processes  with lavas of the same  composition. 



Because the region offers  a var ie ty  of inferred volcanic s tvu . c tu , r e s :  

Mar iu s  Hills i s  considered a p r i m e  Apollo landing si te,  Marls"Loni, - et 

a1 (1 968) and Elston,  e t  a1 (1969) p resen ted  detai led exploration plans fo r  - 
L 

about 75 km of the  Mar ius  Hil ls  region (F igu re s  2 and 7).  They descr ibed  

domes  of s e v e r a l  types, r idges,  endogenous c r a t e r s ,  exogenous c r a t e r s ,  

and r i l l e s ,  and proposed that many of t he se  s t r u c t u r e s  b e  visi ted,  examined, 

photographed and sampled by the as t ronauts .  Although they d i sc  us sed 

poss ible  rock types in  the a r e a  and interpreted many of the s t ruc tu r e s ,  

the  r i l l e s  w e r e  somewhat neglected, though two r i l l e s  w e r e  proposed a s  

p r i m a r y  investigation stat ions,  Because  r i l l e s  a r e  prominent  s t r u c t u r e s  

in the  Mar ius  Hil ls  and other  lunar  a r e a s  and s o m e  r i l l e s  may  be  vis i ted  

and sampled within the  next few y e a r s ,  an  understanding of r i l l e  morpho-  

logy and considerat ion of the i r  or igin  a r e  significant to lunar  geology. 



RILLE DESCRIPTIONS 

Lunar r i l les  can be separated morphologically into at least three 

types: l inear  r i l les ,  sinuous r i l les ,  and tightly meandering ri l les,  L inear  

r i l les  a r e  generally la rge  (often tens of kilometers long and more  than 5 k m  

wide) and appear to  be controlled by deep-seated s t ruc tures  that cut a c r o s s  

c r a t e r  r ims ,  m a r e  and highland areas .  Some l inear  r i l les ,  however, a r e  

much smal le r  and may represent  sma l l  faults, f rac tures ,  o r  f issures .  

Large l inear  r i l les  a r e  probably analogous to t e r r e s t r i a l  grabens. In con- 

t r a s t ,  sinuous r i l les  appear to be topographically controlled and generally 

trend around topographic highs, Sinuous r i l les  range in s ize f rom l e s s  than 

a few ki lometers  long and l e s s  than a hundred m e t e r s  wide to s t ruc tures  

exceeding tens of kilometers long. Tightly meandering r i l les  a r e  charc-  

terized by their  extreme sinuosity and often resemble  old age fluvial chan- 

nels. The th ree  types may grade one into another (particularly l inear  and 

sinuous r i l les )  and there  appear to be numberous sub-types, each with a 

distinctive morphology. It i s  likely that there a r e  severa l  different modes 

of origin, each producing different types of rilles. 

A. Descriptive Technique 

I. Sinuosity. Meandering i s  a salient character is t ic  of sinuous ri l les.  

Leopold and Wolman (1960) described a quantitative means of comparing 

sinuosity of individual channels : 



where S1 = sinuosity, a = a r c  length and L = meander or  wave length f o r  

individual segments of a channel. Thus, a s t raight  segment would have 

a sinuosity of one. Overall sinuosity of a channel f rom end to end may be 

defined a s :  

where S2 =overa l l  sinuosity, d l  = straight-l ine distance and d2 course-  

line distance, end to  end. A straight channel would have an  overall  sinuo- 

sity of one. 

2. Cross  sections. Cross  sections perpendicular to the channel axis 

and longitudinal profiles aid in describing ri l les.  Most lunar  a r e a s  lack 

topographic control suitable for  detailed c ross  sections. However, the 

Army Topographic Command (TOPOCOM) has  performed prel iminary photo- 

grammetry  for  the Marius Hills f rom stereoscopically overlapping Lunar 

Orbi ter  5 photographs, The c r o s s  sections presented in figures 4 and 5 

w e r e  prepared f r o m  TOPOCOM data. E r r o r s  in  elevation, attributable 

to  photographic resolution and inherent uncertainties in spacecraf t  para-  

me te r s ,  range f r o m  - + 126m to - + 162m in the a r e a  considered. A manuscript  

topographic map (contour interval, 200m) prepared by TOPOCOM was em- 

ployed for  regional topography, TOPOCOM data was supplemented by height 

determinations f rom shadow measurements  on s teep slopes. 



3. M u ~ r a y  and Gues t  ( i970j  showed that C ~ Y -  

cular i ty  of craters m a y  give an indication of endogentic o r  exogenetic or igin  

fo r  c r a t e r s  and descr ibed  s eve ra l  techniques f o r  determining c i rcular i ty .  

They noted that  t e r r e s t r i a l  impact  s t r uc tu r e s  and explosion c r a t e r s  a r e  

m o r e  c i r c u l a r  ( lower c i r cu l a r i t y  index) than t e r r e s t r i a l  endogenous c r a t e r s .  

C i rcu la r i ty  indexes (Method C1, Mur ray  and Guest ,  1970, p. 149-150) w e r e  

obtained fo r  the  l a r g e  c r a t e r s  i n  the a r e a ,  including c r a t e r s  associa ted with, 

o r  a t  the  head of, sinuous r i l les .  C i rcu la r i ty  va lues  a r e  shown in f i g u r e  3 

fo r  Mar ius  Hills c r a t e r s  and t e r r e s t r i a l  c r a t e r s .  Of the t e r r e s t r i a l  exam- 

ples ,  a l l  c r a t e r s  wi th  a c i r cu l a r i t y  index above 2 a r e  endogenetic. 

C r a t e r  c i r cu l a r i t i e s  a r e  not considered definitive in separat ing impac t  

c r a t e r s  f r o m  endogenous c r a t e r s .  Some impact  c r a t e r s  produced in  the lab- 

o ra to ry  by pro jec t i l es  f i red into t a rge t s  a t  oblique angles  a r e  noticeably non- 

c i r c u l a r  (persona l  communication, D. E. Gault). However, when consi-  

de red  with other  fac tors ,  c i rcu la r i ty  may  aid in  determining c r a t e r  origin. 

4. Photographic coverage.  Lunar  Orb i t e r  5 provided photographic 

coverage  of the Mar ius  Hill region with 8 s tereoscopical ly  overlapping Medium 

Resolution F r a m e s  (MR 210-216) a t  a  s ca l e  of about 1:202, 000 (ground resolu-  

tion - 2. 5 m). Sun angle a t  t ime  of exposure,  about 15. 2 "  above the  horizon,  

i s  r a the r  low and many in te r io r  c r a t e r  and r i l l e  s t r u c t u r e s  a r e  in  shadow. 

The  photographs a r e  slightly oblique with the  c a m e r a  ax i s  tilted about 10" 

f r o m  the  nadir ;  however,  th is  amount is negligible in determining c r a t e r  

c i rcu la r i t i e s ,  



B. Rille A. 

This ri l le (Figure 21, the longest channel in the a r e z  (Table I ), o r i g i -  

nates in an i r regular ,  2 k m  in diameter  c r a t e r  (c ircular i ty  index = 2. 59)  

formed in Plateau Plains lava flows adjacent to  a low dome (McCauley, 

1968) on the east  s ide of a prominent wrinkle ridge. Rille A passes  through 

the ridge, t rends westward downslope with the regional dip of the Marius 

Hills Plateau and terminates  indistinctly in the m a r e  plains. The te rminal  

end of the channel is  l e s s  than half the width of the channel a t  the source. 

Rille A can be divided into two par t s ,  an upper sinuous section and a lower 

l inear  section. 

In profile (Figure 4), the r i l le  maintains about the same  elevation a s  

it passes  through the wrinkle ridge. West of the ridge (Station I ) ,  the ri l le 

i s  partly buried by ejecta f rom Cra te r  1 (circular i ty  index, 1. 49) inter- 

preted to be impact (McCauley, 1968). There  i s  a slight depression about 

4 km long in the floor, about midway down the ri l le (Station 2). The de- 

pression coincides with a segment of the channel that i s  sub-perpendicular 

to the regional topographic slope. At Station 3 ,  the channel makes a 98" 

turn  to  the south and continues downslope 15 km in a fairly straight course  

comprising the lower section. Overall slope along the r i l le  floor is  4. 3 

rn/km ( 0 "  15') ;  overall  slope along the channel r i m  i s  11 m/km ( 0 "  38'). 



T A B L E  1. RILLE DIMENSIONS AND CE-IARACTERSTICS 



Figure 5 shows c r o s s  sections perpendicular to the channel axis,  

constructed from photogrammetically de r ived  elevations (TOPOC OM) 

and by McCauley (1968) f r o m  photodensitometer measurements  obtained 

by the U. S. Geological Survey. Near the source (section D-D'),  the 

channel i s  ra ther  deep and has prominent levees along both sides.  Down- 

channel a t  the next c r o s s  section (E-E') ,  the r i l le  i s  centered on a ridge 

and the channel floor i s  well  above the general ground level. The r i l le  

floor is flat  along most  of the course. However, the upper section f r o m  

the source  through the wrinkle ridge has a m o r e  "V" shaped c r o s s  section, 

probably resulting f rom slumping of the higher channel walls. 

C. Rille B 

Rille B i s  the second la rges t  r i l le  in the a r e a  (Table I) and a s  with 

Rille A, originates in Plateau Plains lava flows on the eas t  side of the 

wrinkle ridge, sk i r t s  around (or  c rosses )  the ridge, then t rends northwest. 

The r i l le  can be divided into two par t s ,  an upper section on the eas t  s ide of 

the ridge and a lower section to the west of the ridge. The upper section i s  

fa ir ly  straight,  wide, and appears  to originate in an elongate cleft, The 

cleft  has an i r regular ,  hummocky floor and a prominent r i m  on the south- 

eas t  side. 

In profile (Figure 4) the floor of Rille B does not maintain the same  

elevation a t  the juncture with the ridge; ra ther ,  i t  appears to  r ide up and 

over the r i dge .  This may be due, in part, to slulnping of the e n d  of the 



ridge into the rille. Station Z rnarks a shallow depression in the r i l le  

floor, upshopa f r o m  the ridge. As the r i l le  c r o s s e s  the ridge, the 

channel turns  abruptly northwest into the lower section. The lower 

section of the r i l le  i s  slightly na r rower  than the upper section and is 

locally m o r e  meandering (S = 1. 30, maximum). Station 2 m a r k s  two 1 

elongate c r a t e r s  in  the r i l l e  f loor that may be of endogenetic origin. 

At Station 3 the channel displays a sma l l  cut-off channel about 1. 6 km 

long on the northeast  side of the main  channel. The subsidiary channel 

i s  about half the width of the main  channel and i s  on a higher elevation. 

The lower section of Rille B t rends  generally downslope to Station 4 

within 7 k m  of i t s  apparent terminus.  Here,  the slope r e v e r s e s  and the 

r i l l e  occupies a low dome. At this s a m e  point, the r i l l e  divides into a t  

l eas t  two s m a l l  (about 180 m wide) channels, Eas t  Branch and West Branch, 

bo'th of which become discontinuous and fade into the m a r e  plains. 

In c r o s s  section (Figure  5 )  many segments  of Rille B occupy ridge 

c r e s t s  o r  have l a t e r a l  levees,  s imi l a r  to  Rille A. In the upper section 

nea r  the apparent  source-clef t  the r i l l e  has  prominent levees (section A-A'). 

Below the ridge the r i l l e  i s  centered on a broad topographic high (sect ion 

B-B'). Near  the te rminus  Eas t  Branch and West Branch c r o s s  a low dome 

(section C-C'). 

Walls along Rille A and Rille B have slumped over the channel floor. 

Sections of the walls exhibit boulders up to 4 0  m in d iameter  that have 

weathered f r o m  their  apparent outcrop source  very near  the surface, 



13, Rille G area.  

This a r e a  (F igure  6 )  contains a t  least  five distinct s t ruc tures :  1) 

a combination sinuous r i l le  - elongate c r a t e r  chain (Rille C)  2) an 

inferred impact c ra t e r ,  3) a prominent s teep dome superposed on a low 

dome, 4) a sma l l  sinuous ri l le,  and 5 )  a smal l  l inear  rille. 

Rille C originates in an i r regular  shaped c ra t e r  ( circularity index = 

3. 76), about 1. 66 k m  in diameter  on the southeast flank of a c ra te red  

dome complex. There  i s  no indication of a raised r i m  on the southeast 

s ide of the c r a t e r  (the r e s t  of the c r a t e r  r i m  intercepts other s t ruc tures)  

and the inter ior  r i m  has a "tree bark" texture possibly resulting f r o m  

soil  creep. The c ra t e r  floor is  somewhat hummocky and has normal ,  

round bottomed cra ters .  One exception is a 235 m in diameter  ( la rges t  

c r a t e r  on the floor) funnel, o r  dimple shaped c r a t e r  in the northwest 

quadrant of the floor near  the rim. Boulders up to 8 m in d iameter  have 

apparently weathered f rom the main c r a t e r  r i m  and rolled to  the bottom 

of the dimple c ra te r .  

Rille C leads southwest 1.45 km and is blocked by ejecta f r o m  C r a t e r  2, 

interpreted to  be impact ( c i r cu la r i ty  index, 1, 38). This section of the 

r i l le  i s  83 m wide, 33 m deep, and has a flat floor pocked with c r a t e r s  

up to  3 1 m in diameter.  



Southwest of the impact  c r a t e r ,  the  Ri l le  C s t ruc tu r e  continues a s  a 

s e r i e s  of elongate c r a t e r s ,  identified A through G beginning n e a r e s t  the  

ejecta.  C r a t e r  A has  a prominent  f r a c t u r e  extending along i ts  sou thern  

r i m  forming a 100 mete r -wide  block that  may  have slumped toward t he  

c r a t e r .  

A 334 m in  d i ame te r  c r a t e r  (G), 12. 5 k m  f r o m  the apparent  sou rce ,  

i s  the l a s t  s t r u c t u r e  considered p a r t  of the r i l l e  sys tem.  The  r i l l e  s y s t e m  

m a y  continue southwestward through a few elongate c r a t e r s  an  addit ional  

14. 5 k m  to a 300 m wide sinuous rille. Although th i s  s m a l l  r i l l e  is on 

the  s a m e  gene ra l  trend a s  Ril le C ,  t he r e  i s  not sufficient sur face  evidence 

t o  w a r r a n t  i t s  connection with Ril le C. 

C r a t e r  2 i s  3. 12 k m  in d iamete r ,  a t  l e a s t  505 m deep,  and has  rims 

about 200 m about ground level. Continuous e jecta  extends a t  l e a s t  940 m 

radia l ly  f r o m  the  r i m  and t h e r e  a r e  no d i scern ib le  r a y  elements.  E jec ta  

f i l ls  p a r t  of the  upper  p a r t  of Ril le C and p a r t  of a s m a l l e r  r i l l e  (Ril le C- 1) 

which m a y  be genetically re la ted t o  Ril le C. Unfortunately, the c r a t e r  

cove r s  the a r e a  of poss ible  junction. Ril le C- 1 i s  6. 25 k m  long, ave rages  

125 m in  width and i s  about 11. 3 m deep. It i s  discontinuous and, l ike  

o ther  r i l l e s  in the  Mar ius  Hil ls ,  ends by fading out on the  m a r e  surface .  

The four th  s t ruc tu r e  in the a r e a  i s  the  dome associa ted with the  s o u r c e  

c r a t e r  of Ril le C. McCauley (1968) descr ibed the  dome a s  a compound 



stsucticre composed of a low dome and superposed steep dome- The 

s t ruc ture  i s  subcircular ,  about 4. 5 km in diameter,  and has craters up 

to  270 m in diameter  on the surface. Some c r a t e r s  on the dome appear 

to be funnel o r  dimple shaped; however, shadows prevent conclusive 

determinations of the morphology. 

Cross  cutting Rille C and the dome is  a sma l l  l inear rille. The r i l le  

i s  parallel  to the major  ridge sys tem in the Marius  Hills and prel iminary 

topographic determinations indicate that the r i l le  is  nearly horizontal 

(paralleling the 4000 m contour line, Figure 6). The l inear  r i l le  consis ts  

of two par t s ,  a northern section 3. 9 k m  long x 415 m wide (maximum) x 34 m 

deep (maximum) and a southern section 9. 6 k m  long x 520 m wide (maximum) 

x 38 m deep. The northern section i s  composed of subcircular  c ra t e r s ,  

some of which a r e  connected by fractures .  The s t ruc ture  intersects  the 

southern r i m  of Rille C c r a t e r ,  apparently passes  without surface expression 

ac ross  the c r a t e r  floor and northern r im,  and intersects  the steep'dome. 

The southern section is  be t te r  defined than the northern section and i s  com- 

prised of deep elongate c r a t e r s  and clefts connected by fractures .  At the 

southern terminus,  the r i l le  hooks toward the southwest in a large,  deep 

(96m) elongate c ra te r .  

E. 

The proposed landing s i te  (Figure 7 )  i s  north of Rille B on relatively 

smoothPlateau Plains mater ia l  interpreted to  be lava flows and (o r )  pyro- 

c l a s t i c s  in  a small, WNW-SSE trending b a s i n  situated between domes 



(McCauley, 1968). The  domes bounding the  basin  to the wes t  w e r e  de s -  

cr ibed by McCauEey (1968) a s  f i s s u r e  o r  punctured cones and interpreted 

to be pyroclas t ic  deposi ts  surrounding s t ruc tura l ly  controlled vents. 

The re  a r e  a t  l e a s t  t h r e e  r i l l e s  in the gene ra l  a r e a ,  two of which (Ri l les  

D and E) a r e  scheduled a s  investigation s ta t ions  (Els ton,  e_t a1,1969). - 

Rille D m a r k s  the contact  between McCauleyls  (1 968) Pla teau P la ins  

unit and the  low dome on which F i s s u r e  Cone 1 i s  situated. The  r i l l e  i s  

a t  l e a s t  4. 07 k m  long and 17 1 m wide. In c r o s s  sect ion the  r i l l e  is broadly 

rounded without a we l l  defined wall-f loor contact. Depth appea r s  t o  be 

var iab le  and i s  difficult t o  de te rmine  because  the  wal l s  a r e  not s t e ep  

enough to  c a s t  s h a r p  shadows. In one a r e a ,  however,  the r i l l e  appea r s  

to  b e  about 15 m deep. Although the exact  r i l l e  t e r m i n i  a r e  not readi ly  

apparent ,  the  wes t  end i s  a t  a higher  elevation than  the  e a s t  end and i s  

about halfway between F i s s u r e  Cone 1 and a shallow 1. 21 k m  in  d i ame te r  

c r a t e r .  

F i s s u r e  Cone 1 i s  about 2. 6 k m  long x 1. 85 km wide and has  a n  

i r r egu l a r l y  shaped summi t  depress ion  about 1170 m long x 650 m wide 

x 85 m deep  (maximum). The  nor th  end of the c r a t e r  has a low rim with 

a broad dep re s s ion  trending f r o m  i t  nor th  500 m before  hooking toward 

the  northeast .  

I Rille E w a s  descr ibed  by McCauley (1968) a s  a subdued t rough o r  

1 r i l l e - l ike  depress ion.  S imi l a r  to Rille O ,  it  i s  on tbz dome - pla teau  



Plains contact and is scheduled a s  an Apollo investigation station. The 

ri l le is 7 9 0  m long x 39. 5 rn wide x about 5 m deep. It is composed of 

three  fair ly  l inear o r  curvilinear segments meeting a t  angles, and does 

not have the usual appearance of a smoothly meandering sinuous rille. 

The middle of the r i l le  is a t  a lower elevation than the ends. 

About 400 m northeast of Rille E i s  a s e r i e s  of NNW-SSE trending 

fractures .  The f rac tures  a r e  about 2 m wide and a r e  in discontinuous, 

en echelon sections,  with the longest section about 1. 8 km. Although 

McCauley (1 968) described these s t ruc tures  a s  sinuous r i l les ,  the l inear ,  

en  echelon charac ter  of the s t ruc ture  i s  not typical for sinuous ri l les.  

F i s s u r e  Cone 2 is  in the southern sec tor  of the proposed landing site. 

It i s  1. 6 k m  wide x 3. 4 km long and has a cent ra l  l inear  depression with 

a depth exceeding 135 m in the deepest area.  The south end of the de- 

pression has  a v e r y  low r i m  leading toward (but separated f rom)  Rille F 

by a gentle topographic swale about 240 m long. Interior and exter ior  

walls of F i s s u r e  Cones 1 and 2 a r e  s teep and exhibit " t ree bark" textures. 

Rille F i s  a sinuous s t ruc ture  about 2. 6 k m  long x 160 m wide x 17 m 

deep, leading downslope away f r o m  F i s s u r e  Cone 2. It t apers  to about 104 m 

and becomes shallower toward the south where the r i l le  ends nearly perpen- 

dicular to  a wrinkle ridge. The wall-floor contact i s  bet ter  defined than 

in Rille D and the floor in places is  wide and flat. 



TER.RESTRIAL ANALOGS COMPAgiED -WITH L U N A R  FEATURES 

Seve ra l  hypotheses on the  format ion of l una r  sinuous r i l l e s  have been 

proposed in  the l a s t  s eve ra l  yea r s .  Oberbeck,et - -  a1 (1969) d i scussed  s o m e  

of the  var ious  proposals  and presented evidence that  a t  l e a s t  s o m e  sinuous 

r i l l e s  resu l t  f r o m  collapse of lunar  lava tubes;  poss ib le  format ion by other  

mechanisms ,  par t i cu la r ly  that  by lava channel formation,  w e r e  not excluded. 

Morphological  s im i l a r i t e s  between ce r t a in  lunar  r i l l e s  o r  r i l l e - l ike  s t ruc -  

t u r e s  and t e r r e s t r i a l  lava tubes  and channels a r e  supported by recen t  

evidence on the  es t imated viscosi ty  and composit ion of lunar  m a r e  mate r ia l .  

Apollo 11 and 12 m a r e  s amp le s  c losely  r e semble  t e r r e s t r i a l  basa l t  (Hess  

and Calio,  1969, and Anderson,  e t  --  a l ,  1970). Labora tory  s imulat ion of 

mol ten lunar  l avas  by Murase  and McBirney (1 97 0) indicated that  v i scos i ty  

is an  o r d e r  of magneti tude l e s s  than the c lo se s t  t e r r e s t r i a l  counte rpar t  and 

on this  bas i s ,  predicted the pr,obable exis tence of many l a rge ,  long lunar  

lava tubes. Lava  tubes f o r m  exclusively and commonly in  basal t  lava 

flows and it  i s  reasonable  to a s s u m e  that  tubes have formed in l una r  basalt.  

Under mul t ip le  impac ts  a t  l eas t  s o m e  lunar  lava tube roofs would col lapse ,  

resul t ing in  sinuous t renches  s i m i l a r  to collapsed t e r r e s t r i a l  lava tubes. 

A, Lava tube and channel format ion 

Observat ions  of active basal t  l ava  flows ( Jagger ,  1947, F inch  and 

Macdonald, 1953) and field investigations of solidified basal t  flows and 

lava tubes (Ol l ier  and Brown, 1965, and Gree ley  and Hyde, 1970) p e r m i t  

speculat ion on l ava  tube and channel  fo rmat ion  (Greeley,  in p r e s s ) ,  



Lava tubes f'orm in fluid ba.sa,lt flows that have cooled on t h e  surface 

(forming a c rus t )  with flow of f luid lava continuing beneath the crust ,  As 

cooling progresses ,  flow is  restr ic ted to a conduit-shaped s t ruc ture  within 

the flow. Toward the flow front, the conduit subdivides into smal le r ,  

multiple dis t r ibutar ies  termed feeder tubes that lead molten mater ia l  to 

the advancing flow front. As the supply of molten lava f r o m  the vent 

diminishes,  the molten lava drains  f r o m  beneath the free-  standing c r u s t  

and leaves a hollow void, o r  lava tube. Most feeder  tubes do not drain,  

o r  a r e  sealed with lava f r o m  subsequent flows. Some t e r r e s t r i a l  lava 

tubes exceed 25 k m  in length and 30 m uncollapsed diameter.  

Lava tubes occur on slopes ranging f r o m  l e s s  than 0. 4" to more  than 

6. 5 ". Basalt  flows a s  long a s  48 km with an overal l  slope of 0. 6 1  m/km 

( less  than 0. 1 " )  a r e  known to contain lava tubes (1881 LavaFlow, Mauna 

Loa containing the Kaumana Lava Tube). In contrast ,  channels appear  

to f o r m  on slopes over a much wider range and develop in both viscous 

(aa)  'basalt and fluid (pahoehoe) basalt. Major lava tubes, in contrast ,  

f o r m  only in laminar ,  fluid flows, possibly through shear  plane develop- 

ment (Ollier and Brown, 1965). If flow velocity i s  high ( a s  on s teep s lopes)  

o r  the flow i s  too viscous (aa basalt) ,  then the flow may become turbulent, 

losing the shea r  planes, and open channels may f o r m  instead of lava tubes. 

Channels may also form a s  a resu l t  of drainage of molten lava f r o m  be- 

neath the c rus t  before the c r u s t  has cooled and solidified to a thickness 

sufficient to support i ts  weight. The width of the channel may a lso  exceed 



the maximum span attainable by a f r e e  standing basalt  roof, In ei ther  

case,  the cooled o r  partly cooled roof collapses a s  the supporting fluid 

drains. This type of collapse often occurs  in t e r r e s t r i a l  s t ructures  and 

may  resul ts  in sinuous channels with smooth s ides  o r  a s  a se r i e s  of elon- 

gate drainage c r a t e r s  (Greeley, 197 0). Thus, channels may develope in 

preference over tubes when 1) the gradient i s  steep, 2 )  the lava i s  viscous 

(precise  limiting viscosit ies a r e  not known), o r  3 )  the c r u s t  over the molten 

lava is not f r e e  standing af ter  drainage of the lava. The distinction between 

the tubes and channels can, thus, be made in regard to the crust :  if the 

roof is f r e e  standing af ter  drainage of molten lava, the s t ructure i s  a tube; 

if the c rus t  only partly develops, o r  collapses during drainage, the s t ruc ture  

i s  a channel. Some s t ruc tures  al ternate  f rom tube to channel to tube, etc. 

Active lava flows containing tubes and channels with surface c rus t s  

a r e  closed hydrostatic systems. As an advancing flow encounters a topo- 

graphic obstruction, such a s  a ridge, the flow may ride up and over the 

obstruction; the contained tube o r  channel may then ac t  a s  a siphon oper- 

ating under hydrostatic p res su re  to c a r r y  molten lava to the advancing flow 

front. 

Cross  sections perpendicular to lava tube axis show that lava flows 

often form topographic highs, o r  ridges, along the axis (Figure 8). Lava 

channels a lso develop topographic high regions, with the slope generally 

away f rom the axis of the s t ructure,  Lava channels a r e  generally 



aggradational  features  and the channel f loor is often elevated considerably  

higher  than the surrounding ground level, This  condition resu l t s  fro-m 

accre t ion  of lava that  spi l l s  over  the bank of the channel. Multiple su rges  

of lava, o r  individual flow units  may  spread  la te ra l ly  f r o m  the main channel 

through d i s t r ibu ta ry  channels o r  tubes (Greeley,  1969). Multiple eruptions 

m a y  continue to e levate  the  channel and adjacent a r e a  by accret ion.  Tubes  

and possibly channels may  a l s o  be  e ro s ive  s t ruc tures .  A lava tube in south- 

w e s t  Washington shows a r e a s  in  which the  lava tube and flow apparently 

undercut the  pre-flow val ley wal l  (Greeley and Hyde, 1970). 

Lava tubes and channels f o r m  cut- off b ranches  along the ma in  s t ruc tu r e ,  

a s  i l lus t ra ted in f i g u r e  9. Cut-offs may  be a t  h igher ,  lower,  o r  the  s a m e  

leve l  a s  the ma in  s t ructure .  Collapse of the  roof resu l t s  in an  "island" 

surrounded by lava trenches.  As col lapse  p rog re s sed ,  l a rge  blocks pa ra l l e l  

to the  tube axes  m a y  break  away f r o m  the wal l  and s lump into the collapsed 

tube (F igu re  10). 

Width of lava tubes m a y  be fa i r ly  constant  throughout t h e i r  cou r se  

(Hambone Lava  Tube, Siskiyou Co. , Calif. ) o r  m a y  be var iable .  The t r ench  

resul t ing f r o m  lava tube roof col lapse  usually re f lec t s  the or iginal  configu- 

ra t ion of the  tube. Lava channels,  on the other  hand, a r e  general ly  fa i r ly  

constant  in width; however, they may  become progress ive ly  shallower.  



B, R i l l e  A. 

Ril le A or iginates  i n  a c r a t e r  lacking ra ised r i m s  and e jecta  and 

that  has  a high c i rcu la r i ty  index, a l l  indications of in te rna l  origin. Ril le 

r i m s  n e a r  the  sou rce  (F igu re  5)  f o r m  prominent  levees ,  Downslope t he  

r i l l e  occupies the c r e s t  of a r idge a t  l e a s t  200 m above the surrounding 

te r ra in .  It i s  unreasonable  to  a s s u m e  that  the r i l l e  eroded i t s  channel 

along the  cen t e r  of the  r idge by fluvial  o r  nuge a rden t  mechanisms.  Levees  

and r idge a r e  considered construct ional  f ea tu r e s  of the  r i l le ,  analogous to  

s t ruc tu r e s  formed in  assoc ia t ion  with lava channels. Although i t  may  be 

argued that  s m a l l  levees  c a n  r e su l t  f r o m  fluvial p r o c e s s e s ,  an  or igin  by 

w a t e r  does  not explain the  l a r g e  r idge underlying the  ax i s  of Ril le B, r e -  

v e r s a l s  in  slope along the  channel f loor  (F igu re  4), absence of t r ibu ta r ies ,  

o r  taper ing of channel width toward the terminus .  

Morphologically, Ril le A i s  identical  to many lava channels and col-  

lapsed lava tubes. I t s  g r e a t  width probably exceeds that of a f r e e  standing 

lava  tube roof, even under lunar  conditions (Oberbeck,  -- e t  a l ,  1969). Lava 

channels,  however,  a r e  not res t r i c ted  in  width. Format ion  of a thin c r u s t  

during act ive  flow p e r m i t s  hydrosta t ic  flow conditions and allows the s t ruc-  

t u r e  to  c r o s s  topographic highs, The r idge appea r s  lower  a t  the  junction 

with Ril le A and the  r i l l e  possibly passed through a gap, overr iding s m a l l  

topographic obstructions.  Contemporaneously,  l a t e r a l  channels and tubes 

dis t r ibute  accre t iona l  lava to f o r m  levees  and to e levate  the overa l l  s t r uc -  

tn re ,  Length  of R.ille A is comparab le  t o  t e r r e s t r i a l  basa l t  flows 



containing tubes and channels, Slope along Rj.lle A is s imi lar  to that of 

t e r r e s t r i a l  basalt flows (Rille A = Q O  31" Horse Cave System, Oregon = 

0 " 2 8 '  [ ~ r e e l e ~ ,  in press]).  

Although quantitative and qualitative morphologic evidence and com- 

positional evidence strongly support origin by lava channel formation, 

other mechanisms cannot be entirely excluded. The lower p a r t  of the 

r i l le  consists of fair ly  straight segments which meet  at  ra ther  sha rp  

angles ra ther  than forming meandering bends, and the r i l le  floor i s  flat, 

suggestive of l inear  ri l les and possible formation by block faulting. 

C. Rille B. 

The upper section of this ri l le,  consisting of an elongate cleft and 

curvilinear rille, appears  to be s t ructural ly  controlled and may be 

analogous to  a fissure.  Figure 11 i l lustrates  par t  of the Southwest Rift 

Zone of Mauna Loa and the associated basalt  flows and channels controlled 

by the rift. The lower par t  of Rille B is meandering, occupies a ridge 

c r e s t ,  has  an i r regular  floor,  a cut-off branch a t  a higher elevation than 

the main trench, c rosses  a low dome, and has te rminal  dis t r ibutary chan- 

nels. These  s t ruc tures  a r e  best explained a s  pa r t s  of a collapsed lava 

tube network. The i r regular  floor and discontinuous channel (between 

Stations 2 and 3 )  may represent  piles of collapsed blocks and uncollapsed 

sections of a lava tube roof of var iable  thickness, s imi lar  to that of Arnold 

Lava Tube, Oregon (Greeley, in press) .  The cut-off branch a t  Station 3 ,  

occupying a higher elevation than the main trench is  typical for cu t -  off, 



subs id ia ry  lava tubes (F igu re  9). At the wes t e rn  t e rminus  of Ril le B,  

the branching and discontinuous s m a l l e r  channels a r e  analogous to  f e e d e r  

tubes and d i s t r ibu ta ry  channels frequently found in  lava tubes (F igu re  12). 

The  lower  sect ion of Ril le B, therefore ,  i s  in terpreted a s  a near ly  com- 

pletely collapsed lunar  lava tube. The upper sect ion may  r ep re sen t  a 

f i s s u r e  zone and ( o r )  lava channel. 

D. Ril le C a rea .  

Ril le C i s  a c l a s s i c  example  of a par t ly  collapsed lava tube. Unfortu- 

nately,  p r e c i s e  topographic con t ro l  is not available fo r  detai led quanti- 

ta t ive  geomorphic analysis .  However, p r e l im ina ry  topography and quali-  

ta t ive  geomorphology provide amp le  evidence f o r  i t s  interpretat ion.  

Compar i sons  can  be made  with Giant C r a t e r ,  Modoc C r a t e r ,  and Mammoth 

C r a t e r  Lava  Tubes,  Nor thern  Cal i fornia  (F igu re s  13 and 14). Like these  

t h r e e  s t r u c t u r e s ,  Ril le C or iginates  in  an  i r r e g u l a r  c r a t e r  (high c i r cu l a r i t y  

index, F igu re  3) indicative of in te rna l  origin. The s o u r c e  c r a t e r s  of a l l  

the s t r u c t u r e s  a r e  si tuated in upland a r e a s  associa ted with domes  (pyro- 

c las i t c  cones  and lava flow domes  fo r  t e r r e s t r i a l  examples ,  ' ex t rus ive  

s t r u c t u r e s '  of McCauley [1968], f o r  Ril le C). Ril le C c r a t e r  has  on i t s  

f loor  prominent  funnel-shaped c r a t e r  suggest ive  of d ra inage  to the sub- 

surface .  S imi la r ly ,  Giant  C r a t e r  has  in te rna l  c r a t e r s  (F igu re  13) which 

resul ted f r o m  subsidence and withdrawal of the magma  (Anderson,  1941, 

p. 381). The upper  channel leading f r o m  the  sou rce  c r a t e r  of Ril le C is 

probably s i rni iar  to the  elongate trough leading f rom Giant C ra t e r .  Eoth 



s t ruc tures  have flat f loors and probably did not have f r ee  standing roofs;  

thus, the upper sections a r e  considered lava channels. 

Giant C r a t e r  tube passes  through a s e r i e s  of elongate collapsed sec-  

tions separated by nearly solid sections of layered and multiple basalt  flows. 

Some solid sections have small ,  multiple lava tubes connecting the l a rge  

collapse depressions.  This configuration probably resulted f rom sporadic 

eruptions of flow and intermittant drainage of the tube. The lower end of 

Rille C a lso  consists of a se r i e s  of elongate depressions.  Because the 

impact of C r a t e r  2 probably generated a strong seismic wave, i t  is  rea-  

sonable to  a s sume  that a lava tube roof within one c r a t e r  diameter  would 

be completely collapsed. However, this p a r t  of the r i l le  i s  considered 

analogous to  Giant C r a t e r  tube, with intermittant solid sections. Degrada- 

tion of the r i l le  is shown by the large slump block on the f i r s t  depression. 

This s t ruc ture  i s  s imi lar  to collapse blocks common in many lava tubes 

(Figure 10). 

The la rges t  collapse depression of Rille C is about 420 m wide, o r  

about 3 t imes  wider than the widest known collapsed lava tube on ear th  

(Bear  T r a p  Lava Tube, Idaho). Oberbeck, -- e t  a1 (1969) demonstrated that 

reduced lunar  gravity would permi t  collapsed lunar tubes up to  500 to 1000 m 

wide, depending upon lateral  slumping. Rille C width i s  well within this 

range. Overal l  length of the ri l le,  12. 5 km, and estimated slope of 1. 5" 

a r e  analogous to  many t e r r e s t r i a l  lava tubes. 



Rille C -  l leading f r o m  Rllie C t ape r s  and becoilles slightly sba?lo~xer 

toward i t s  lower  end. It is  discontinuous a n d  in terrupted in a t  l eas t  t h r e e  

p laces  (F igu re  6). Ril le C- 1 i s  in terpreted to be a d i s t r ibu ta ry  lava tube 

associa ted with the  main  r i l le .  Unfortunately, C r a t e r  2 i s  superposed 

ove r  Rille C a t  the  juncture of the channel,  collapsed tube, and the d i s t r i -  

butary  channel, and i t  i s  impossible  to  de t e rmine  the relat ionships between 

the s t ruc tures .  Although e jecta  f r o m  the  c r a t e r  ha s  a l t e red  the p r e -  impac t  

topography, p r e l im ina ry  topography f r o m  a manuscr ip t  topographic m a p  

of the  Mar ius  Hil ls  (TOPOCOM) indicates a slight r i m  along both s i de s  of 

Ril le C ( s e e  the  4000 m contour l ine,  F igu re  5). 

The c ross -cu t t ing  re la t ionship  of the  l inear  r i l l e  to the m a r e ,  Ril le 

C ,  and the  dome indicates that  it i s  younger than these  fea tures  and i s  

s t ruc tura l ly  controlled. Because the  s t r u c t u r e  is near ly  horizontal  

(para l l e l  to the  4400 m contour l ine) i t  i s  unlikely that  it  resul ted f r o m  

fluid flow. It i s  in terpreted t o  be a fault,  o r  fault  block, through which 

f ragmenta l  su r f ace  m a t e r i a l  ha s  drained to f o r m  elongate c r a t e r s .  

E. Apollo Landing Site. 

Th is  a r e a  contains s t ruc tu r e s  in terpreted to be lava tubes and channels. 

Ril les D and F originate in o r  n e a r  c r a t e r ed  domes  in terpreted to be  pyro- 

c las t i c  s t r uc tu r e s  which a r e  si tuated on low domes  possibly represen t ing  

flows o r  laccoli thic s t ruc tu r e s  (McCauley, 1968). These  s t r u c t u r e s  a r e  

analogous to Hawaiian shield volcanoes with superposed pyroclas t ic  domes  

having common vents  (Stearns  1966, p 45). Associated with the Eawziian 



s t r u c t u r e  a r e  fluid basa l t  flows containing l ava  t u b e s  a d  channels .  Tn 

other a r e a s ,  pyroc las t i c  cones  a r e  built  f r o m  essen t i a l ly  the s a m e  vent 

as s o u r c e  c r a t e r s  f o r  tubes  and channels .  E x a m p l e s  include Bandera  

C r a t e r  and l ava  tube,  New Mexico and Deep  C r a t e r  and tube,  California.  

Deep  C r a t e r  ( F i g u r e  15) is cons ide red  analogous t o  the  f i s s u r e  cone and 

Ri l le  F in  the  Apollo si te .  

It is diff icult  t o  d e t e r m i n e  whe ther  R i l l e s  D and F a r e  col lapsed l ava  

tubes  o r  a re ,  l a v a  channels .  T h e  depth  of Ri l le  E is f a i r l y  constant  and 

the  r i l l e  is continuous;  thus  i t  m a y  not have been roofed. Ri l le  F, on t h e  

o t h e r  hand, is discontinuous and m a y  r e p r e s e n t  uncollapsed,  o r  sea led  

p a r t s  of a l ava  tube. 

Ril le  E, composed  of t h r e e  l i n e a r  sec t ions ,  a p p e a r s  t o  t r a v e r s e  a 

s l ight  val ley,  wi th  e a c h  end a t  a h igher  e levat ion than the  middle. Ri l le  E 

and the  en  echelon l i n e a r  d e p r e s s i o n s  to  the nor th  and nor theas t  a r e  i n t e r -  

p re ted  to  be fau l t s ,  f r a c t u r e s ,  o r  f i s s u r e s .  



SUMMARY AND CONCLUSIONS 

The Marius Hills region has  been previously described a s  a volcanic 

province exhibiting many common volcanic s t ructures .  The m a r e  a r e a  

(Plateau Plain mater ia l  of McCauley, 1968) i s  considered composed of 

volcanic flows and interbedded pyroclastics. Results f r o m  Apollo 11, 

Apollo 12, and Surveyors 5 and 6 indicate the m a r e  rocks a r e  s imi lar  

to  basalts. F r o m  viscosity determinations of postulated lunar lavas, 

Murase  and McBirney (197 0) predicted the existence of many long lunar 

lava tubes. Lava tubes and channels a r e  common features  of t e r r e s t r i a l  

basalt  flows and i t  is  reasonable to assume that lunar lava tubes and channels 

exist. Under prolonged impact, many of the tube roofs would collapse, 

leaving sinuous trenches.  The softening effect of impact would smooth 

surface i r regular i t ies  in the trenches and channels. 

Thus f a r ,  no lunar mission has yielded photographs showing s t ruc tures  

that can be conclusively described a s  lunar cave entrances,  although Kuiper 

(1965) posed some possible examples. Although to some workers ,  this i s  

a c r i t i c i sm against the existence of lunar lava tubes, there  a r e  three points 

to consider: F i r s t ,  t e r r e s t r i a l  lava tube entrances generally a r e  not visible 

in ae r i a l  photographs. F o r  example, Figure 1 6  shows a collapsed lava tube 

and entrance to the uncollapsed inter ior  taken under various conditions. 

F igure  16A i s  a conventional ver t ica l  photograph taken a t  an altitude of 

30, 000 feet with ver t ical  illumination; ground resolution is 37 cm. Figure 

1 6 ~  is the same area, talcen from an altitude of 24, 000 ft, , with the s u n  1 8 "  



above the horizon (s imi lar  to Lunar Orbiter lighting conditions) and a 

ground resolution of 29 cm. Finally, Figure 16G is an oblique aerial. 

view, taken 200 ft. above ground, under good lighting conditions. Lunar 

Orbi ter  pictures,  in contrast ,  a r e  made at  altitudes of about 370, 000 ft, 

(Marius Hills Site) producing photographs with ground resolution of 2. 5 m  

(Marius Hills photographs). If cave entrances do not show (or  seldom 

show) in t e r r e s t r i a l  photographs, it i s  unlikely that they will be visible 

in spacecraf t  photographs. Lava tubes generally begin to  collapse where 

the roof is  thinest, and where the tube tends to  r i s e  toward the surface. 

Collapsed roof sections often block o r  nearly block the entrance. Thus, 

lava tube entrances a r e  considerably smal le r  than the uncollapsed interior.  

In a e r i a l  photographs the entrancessare usually lost  in shadow, too smal l  

to b e  clear ly distinguishable, o r  appear a s  i r regular  shadows. 

Second, in many cases  uncollapsed lava tubes a r e  intermittantly 

blocked completely by collapse and surface detritus. The tube continues 

through a se r i e s  of disconnected collapse depressions,  none of which dis- 

play cave entrances. 

Third, if most  m a r e  a r e a s  a r e  a s  old a s  Apollo 11 and 12 indicate, 

then lava tubes and channels would be significantly degraded. All but the 

deepest tubes would be collapsed, thus reducing the number of tube, o r  

cave, entrances. 



All the s tructures in the Marius Hills interpreted to be lava tubes o r  

channels originate in topographically high areas ,  often in o r  near  McCauleyts 

"steep" o r  "low" domes and often in  i rregular  shaped craters .  The r i l les  

then trend downslope into the plateau plains, generally decreasing in width 

and depth. One has a cut off branch a t  a different elevation than the main 

channel and one ril le bifurcates near  i t s  terminus. Structures for  which 

topographic control is available a r e  shown to  be  situated along o r  near  the 

c r e s t  of a topographic high, o r  to have pronounced levees. The r i l le  floor 

is well  above general ground level, indicating the s tructures w e r e  aggra- 

dational. 

Rilles C, F, and par t  of B a r e  discontinuous and interpreted to be 

collapsed lava tubes. Because of its width and continuous channel, Rille A 

is considered to be  a lava channel. It i s  considered to have passed through 

the wrinkle ridge a t  a relatively low region and have carr ied over topographic 

obstructions. Rille D is also continuous, but is in  a s ize  c lass  attainable by 

lava tubes. Its origin, whether lava tube o r  lava channel, is not determined. 

Some of the ril les,  particularly Rille B, appear to  have been structurally 

controlled by f i ssures  and fractures.  

Rille E and the l inear  r i l le  near  Rille C because they a r e  straight, 

cut .across other s tructures,  and do not trend downslope, a r e  considered 

to  b e  faults, f ractures,  o r  fissures.  They may have been modified by 

slumping and drainage of surface material  into the subsurface. 



Although the l ines of evidence presented he re  in support of o r i g i n  

by lava tube and channel formation can be applied to s imi lar  lunar  s t ruc-  

tures  in other a reas ,  particularly in regions of suspected volcanic activity, 

i t  is not suggested that a l l  sinuous r i l les  have formed by this mechanism. 

As stated previously, there  appear  to  be many sub-types of sinuous r i l les ,  

each of which may have formed in a different way. It i s  a lso conceivable 

that different mechanisms could produce s imi l a r  appearing s t ructures .  

However, in the Marius  Hills, most  of the r i l les  appear to have resulted 

f r o m  lava flow activity. 

ACKNOWLEDGMENTS 

Grateful acknowledgment is made of M. Lovas for  field and laboratory 

assis tance in studies of t e r r e s t r i a l  analogs. I wish to thank R. Reynolds 

and R. Wrigley for  their  comments and suggestions in regard to the 

manuscript. This study was conducted while on tenure a s  a National 

Research Council-NASA Research Associate. 



REFERENCES 

Anderson,  C, A, , 1941: Volcanoes of the  Medicine Lake  Highland, Galif, 

Univ. Calif. Pub l . ,  Bull. Dept. Geol. Sci. , v. 25, pp. 247-421. 

Anderson,  D. H. , -- e t  a l ,  1970: P r e l i m i n a r y  examination of l u n a r  s a m p l e s  

f r o m  Apollo 12. Science ,  v. 167, pp. 1325- 1339. 

Els ton,  D. Po and C. R. Willingharn, 1969: Five-day m i s s i o n  plan  t o  

inves t igate  t h e  geology of the  M a r i u s  Hil ls  Region of the  Moon: As t ro -  

geology 14 U. So Geol. Survey,  open-fi le  r e p o r t ,  55  p. 

Finch,  R. H. and G. A. Macdonald,  1953: Hawaiian volcanoes  dur ing  

1950. U. S. Geol. Survey,  Bull. 996-B, pp. 27-89. 

G r e e l e y ,  R . ,  1969: Geology and morphology of a s m a l l  l ava  tube (abs t rac t ) .  

EOS, T r a n s .  Amer .  Geophysica l  Union, v. 50, no. 11, p. 678. 

G r e e l e y ,  R. , 1970: T e r r e s t r i a l  analogs  to  l u n a r  d imple  (d ra inage)  c r a t e r s .  

T h e  Moon, v. 1, pp. 237-252. 

Gree ley ,  R. and J. Hyde, 1970: L a v a  tubes  of Mount St. Helens,  Washington 

(abs t rac t ) .  Geol, Soc. Arner. A b s t r a c t s  wi th  P r o g r a m s ,  v. 2, no. 2, 

ppo 96-97. 

G r e e l e y ,  R. ( in p r e s s ) :  Geology and morphology of se lec ted  l ava  tubes  i n  

the  v ic in i ty  of Bend, Oregon, S ta te  of Oregon,  Dept. of Geology and 

M i n e r a l  Indust r ies .  



Hess ,  W. N. and A J, Calio,  1969: Summary of scientif ic r e su l t s  - in 

Apollo I l - Pre l imina ry  Science Report ,  NASA SP-214, pp, 

Jaggar ,  To A. , 1947: Origin and development of c r a t e r s .  Geol. Soc. 

Amer.  , Mem. 21, 508 p. 

Ka r l s t rom,  T. N. V, , J. F. McCauley, and G. A. Swann, 1968: P r e l i m i n a r y  

lunar  exploration plan of the Mar iu s  Hil ls  Region of the Moon: As t ro-  

geology 5, U. So Geol. Survey open-file report .  42 p. 

Kuiper,  G, P., 1965: Interpreta t ion of Ranger  VII Records ,  - in Ranger VII, 

P a r t  2, Expe r imen te r ' s  Analysis and Interpreta t ions .  J e t  Propuls ion  

Lab. , Calif. Inst. Technol. , Tech. Rept. 32-700, pp. 9-73. - -- 

Leopold, L. B.,  and M, G. Wolman, 1960: River  meanders .  Bull. Geol. 

Soc. Amer . ,  v. 71, pp. 769-794. 

McCauley, J. F, , 1965: The Mar ius  Hil ls  volcanic complex,  - in Astro-  

geologic Studies, Ann. Prog.  Rept. , July  1, 1964 to July  1, 1965, pt. 

A: U. S. Geol. Survey open-file repor t ,  pp. 115- 122. 

McCauley, J. F. , 1967: Geology of the  Moon, Hevelius Region. U. S. 

Geol. Survey Map 1-491 (LAC-56). 

McCauley, 1968: P re l im ina ry  s m a l l  s ca l e  geologic m a p  of the  Mar ius  Hills 

Region in Ka r l s t rom,  T. N. V, , -- et  a l ,  P r e l im ina ry  lunar  exploration 

plan of the Mar ius  Hills Region of the  Moon: Astrogeology 5 ,  U. So 

Geol, Survey open-file report, Plate 1, 



Murase,  T, and A, R, McBirney,  1970: Viscosity of lunar  lavas, Science,  

v, 167 ,  pp, 1491- 1493, 

Murray ,  J. B. and Guest ,  J, E. , 1970: Ci rcu la r i t i e s  of c r a t e r s  and 

re la ted s t r u c t u r e s  on E a r t h  and Moon. Modern Geology, v. I ,  pp. 

149- 159. 

Oberbeck,  V, R . ,  W. L. Quaide, and R. Greeley,  1969: On the  or igin  of 

lunar  sinuous r i l les .  Modern Geology, v. 1, pp. 75- 80. 

Ol l ier ,  C. D. and M. C. Brown, 1965: Lava  caves  of Victoria. Bull. 

Volcanologique, v. 28, pp. 215-229, 

S tea rns ,  H. T. , 1966: Geology of the  S ta te  of Hawaii. Pacif ic  Books, 

Publ. Pa lo  Alto, Calif. 266 p. 



Figure 1,  Location of the MariUs Hil ls  region and out l ine  of a r sa 

covered by Lunar O r b j t e r  5 photography, MR. ~ I ~ U I ( _ S  

210-216, 



L;iguTe 2 ,  Part of M a r l u s  Hills showlng rslEes a n d  d e s c x  i l j - c i  ,?reas 

Craters described or show~k on F ' igure  -3 e i t - len~if led 

by n u m b e r s .  Location of cross sections (Figiive 4) are 

indicated by letter, Photograph f r o m  L O  5 frame MR-213 



Figu re  3, Circu la r i ty  index (af ter  Murray and Guest ,  1970) f o r  t e r -  

r e s t r i a l  impact and volcanic c r a t e r s  compared with c r a t e r s  

in the  Mar ius  Hills. C i rcu la r i ty  index of 1. 9 general ly  

s epa ra t e s  in ternal ly  and externally produced c r a t e r s .  Data 

fo r  some  t e r r e s t r i a l  c r a t e r s  f r o m  Mur ray  and Guest  (1970). 

C r a t e r  identification: 1- 10, Mar ius  Hil ls  (identified in 

F i g u r e  2); 11, head of Rille A; 12, head of Ril le B; 13, head 

of Ril le C;  14, summi t  c r a t e r ,  F i s s u r e  Cone 1; 15, summi t  

c r a t e r ,  F i s s u r e  Cone 2; 16, Mauna Loa;  17, Kilauea; 18, 

Menengai, Kenya; ' l9 ,  Makaopuhi; 20, Deep C r a t e r ,  Calif. , 

21, Alae; 22, Haiemaumau; 23, Mammoth  C r a t e r ,  Calif. ; 

24, Pauialua;  25, Modoc C r a t e r ,  Calif. ; 26, Giant C r a t e r ,  

Galif. ; 27, New Quebec,  Canada; 28, Brent ,  Canada; 29, 

Holleford, Canada; 30, Meteori te,  Arizona;  31, Wolf Creek,  

Aus trai l ia .  
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F i g u r e  4, 

WEST 

Topographic prof i l e  along axes of R i l l e s  A and B; vertical 

exaggera t ion  X3. 5. Topographic control! f r o m  unpublished 

TOPOCOM d a t a  and f r o m  photographic detai l .  
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Figure 5-  Transverse cross sections f o r  Rilles A and B, showing  rille 

on o r  n e a r  a, r i d g e  c r e s t  and d e v e l o p m e n t  of levees nea r  the 

r i l l e  s o u r c e ,  T o p o g r a p h i c  c o n t r o l  f r o m  unpublished TOPOC OM 

da ta ,  pho tog raph ic  d e t a i l  ( r i l l e  d e p t h s  d e t e r m i n e d  f r o m  

shadow m e a s u r e m e n t s ) ,  and  f r o m  M c C a u l e y  (1968, s e c t i o n  

D-D'). 
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Figure 6, Rille C area, Crater 2 (circularity index, "t 338, inter- 

preted to be lrnpact origin) and its ejectd c t ; v t i  S-?ilTes C 

and 6- I ;  4000 rn contour line f rom TOPOCOn!! rnal luscript  

map. The  upper  p a r t  of Ri l le  C,  or ig inat ing  in S o u r c e  

C r a t e r  13 ( c i r c u l a r i t y  index  3. 7 6 ) ,  i s  cons ide red  a l a v a  

channe l  ( c o m p a r e  wi th  F i g u r e  14). Below t h e  e j e c t a  

blanket  of C r a t e r  2, Ri l le  C i s  cons ide red  t o  be a col lap-  

s e d  l ava  tube. Ri l le  C- 1 is discontinuous and is a l s o  

cons ide red  t o  be  a col lapsed l ava  tube,  poss ib ly  a d i s t r i -  

bu ta ry  s t r u c t u r e  f o r  the  m a i n  r i l le .  Photograph f r o m  

L O  5 f r a m e  MR- 2 14. 



Figure 7, Proposed Apollo landing site, R i l l e  D is -i.nter--1-treted to be 

either a lava. tabe or lava channel; Rille E is considered to 

be a fracture or fissure; Rille F is il~terpreted to be a n e a r l y  

comple t e ly  co l l apsed  l a v a  tube ,  p robab ly  o r ig ina t ing  f r o m  

F i s s t ~ r e  Cone  2 ( c o m p a r e  w i t h  F i g u r e  16). P h o t o g r a p h  

from L O  5 f r a m e s  HR-216 and  217. 



F i g u r e  8 ,  G r o s s  sec t ions  along two l ava  tubes  (Arnold IJa*ia Tu-be,  

Desck*u.tes Co, , Oregon,  and Modoc L a v a  Tube, L a v a  B e d s  

Nat ional  Monument,  Calif,  ) i l l u s t r a t ing  f o r m a t i o n  of topo- 

g raph ic  high along t h e  tube  axis. 
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F i g u r e  9, Diagram of uncollapsed part of Pr ince  Alberl-  Cave (lava, 

tube) in Skamania C o ,  , Wash, , illustrating cut off branches, 

PRINCE ALBERT CAVE, WASHINGTON 

0 5 0 
meters 



Figure  10, A e r i a l  oblique view of part of L-3ariiborla I_,a.va Tube,  

Sislciyotz. G o , ,  Calif ,  L a r g e  laterat blocks parallel t o  

the t u b e  have slumped toward  the tube, s l i~~i i lar  to the 

s t r u c t u r e  along the  co l l apse  depress ion  in Ri l le  C, 



F i g u r e  I l ,  Southwest Rif t  Zone, Mauna I_,oa, Hawall,  ?'Ire  PIC^ ( A )  

has  controlled the cou r se  of the  lava channel (B),  



F i g u r e  12. D i a g r a m  of a srna,lb distr-ibu-tary lava tube  sysierrr-i l e ad ing  

f r o m  a i a r g e r  l a v a  channel - tube ,  D i s t r i b t r t a ry  s y s t e m s  

d e p o s i t  l a v a  a long  m a j o r  c h a n n e l s  and  t u b e s  thus  e l eva t ing  

the system. 



F i g t i r e  13, Aerial photograph o f  G i a n t  C r a t e r  a n d  L a v a  1 1 hc %ski yoir 

Co, , Calif,  The upper part of the systenl, near- the source 

c ra t e r ,  may not have had a free-s ta~idrng roof a f t e r  d r a m a - g e  

of the fluid lava, and this may be considered a lava channel. 

The lower pa r t  of the tube i s  composed of collapse d e p ~ e s -  

sions separated by relatively solid m a s s e s  of basalt, Giant 

Crater  has seve ra l  inter ior  c r a t e r s  which resulted iron? col- 

lapse and drainage of fluids back down the vent. 



F i g u r e  14, Mammoth C r a t e r  and Lava Tube, L a v a  Beds i Y a C ~ o i i i z l  

Monument, Calif, The l a v a  Lube can be t ~ s c  ed t h l o u g h  

s e r i e s  of col lapse  depressions, Lrlce Clant C r a t e r  and 

Tube, Mammoth C r a t e r  i s  adjacent to  pyroc las t i c  cones 

and domes. 



F i g u r e  15, Deep Grater arid Lava Tube,  S i s k l y o ~ ~  C:o, , CallC, The 

l a v a  tube orlglnated 1x1 o r  nea r  the c r a t e r  f o rmed  in  a 

pyroclas t lc  cone, then flowed down t h e  flank of the cone  

onto the  lava plains. Deep  C r a t e r  i s  approximately  1 k m  

in d iamete r .  Compare  with s i m i l a r  s t r u c t u r e s  in the  

Proposed Apollo landing s i t e  ( F i g u r e  '7). 



F i g u r e  16, Ae r i a l  photographs of p a r t  of Modoc Lava Tube and Skull 

Cave en t rance  (uncollapsed tube exceeds  27 r n  i n  d i ame te r ) ,  

Lava Beds National Monument,  Calif. S e r i e s  i l lus t ra tes  the  

difficulty in detecting cave  en t r ances  f r o m  the  air: 16a-ver t i ca l  

photograph, ve r t i c a l  i l lumination,  ground resolution 37 c m  

f r o m  al t i tude of 30, 000 ft. ; 16b-ver t i ca l  photograph, oblique 

i l lumination (sun approximately  17 above horizon,  s i m i l a r  t o  

Lunar Orb i t e r  photography), ground resolut ion 29 cm a t  alti- 

tude of approximately  24, 000 ft. ; 16c-oblique a e r i a l  photo- 

graph,  oblique i l lumination,  f r o m  alt i tude of about 200 ft .  

Only in the  l a s t  photograph, under  conditions supe r io r  to  

p r e sen t  lunar  imagery ,  is t h e r e  any indication of cave  en- 

t r ances .  






